The NOS (nitric oxide synthase; EC 1.14. 13 Moreover, computer simulations of the kinetic traces of cytochrome c reduction by the mutants suggest that they have higher conformational transition rates (1.5-4-fold) and rates of interflavin electron transfer (1.5-2-fold) relative to wild-type nNOSred. We conclude that the three charge-pairing residues on the FMN domain govern electron flux through nNOSred by stabilizing its closed (FMN-shielded) conformational state and by retarding the rate of conformational switching between its open and closed conformations.
INTRODUCTION
NO (nitric oxide) is involved in cardiovascular, neuronal and immune functions during both normal and disease states [1, 2] . NO is produced in mammals by three isoforms of NOS (nitric oxide synthase; EC 1.14.13.39) known as nNOS (neuronal NOS), eNOS (endothelial NOS) and iNOS (inducible NOS). All three are homodimeric enzymes that catalyse a two-step oxidation of L-Arg (L-arginine) to generate NO and citrulline [3] . They are comprised of an N-terminal oxygenase domain (NOSoxy) that contains binding sites for iron protoporphyrin IX (haem), H 4 B [(6R)-5,6,7,8-tetrahydro-L-biopterin] and L-Arg, a C-terminal reductase domain [NOSred (reductase domain of NOS)] that contains binding sites for FAD, FMN and NADPH, and an intervening CaM (calmodulin)-binding sequence [4] . The NOSoxy, NOSred and CaM-binding domains can be expressed independently and have been subject to detailed structural, kinetic and regulatory studies [5] [6] [7] [8] [9] .
NOSred shares structural and catalytic features with a family of dual flavin enzymes, including NADPH CPR (cytochrome P450 reductase), the flavoprotein of Escherichia coli sulfite reductase, methionine synthase reductase, novel reductase-1 and the reductase domain of bacterial cytochrome P450BM3 [10] [11] [12] [13] [14] . These proteins are comprised of separate FMN-binding and FAD/NADPH-binding [FNR (ferredoxin NADP-reductase)] domains that are attached by a flexible hinge [6, 15] . During catalysis, the FAD receives a hydride from NADPH and then sequentially passes electrons to the FMN cofactor. Ultimately, the 2-electron reduced FMN hydroquinone transfers an electron to a haem group in a separate acceptor enzyme, or in the case of NOS, to the haem located in the NOSoxy domain of the partner subunit of the dimer [16, 17] . The FMN hydroquinone in these enzymes can also reduce external electron acceptors such as cytochrome c [18] and this activity is widely used as a tool to study electron flux through NOSred and related enzymes.
The FMN domain in the dual flavin reductases is thought to undergo relatively large conformational motions in order to transfer electrons during catalysis [6, 8, 11, 13, [19] [20] [21] [22] . Figure 1 illustrates a model for FMN domain conformational switching during electron transfer within a NOS homodimer. The FMN domain must first interact with the FNR domain in a 'FMNshielded' conformation to receive electrons, according to equilibrium A. Once the FMN hydroquinone (FMNH 2 ) forms, it must swing away to a 'FMN-deshielded' conformation, and then must interact with the NOSoxy domain in the partner subunit of a NOS dimer, according to equilibrium B. Its interaction with the NOSoxy domain allows the FMN-to-haem electron transfer [8] . Data suggest that conformational equilibria A and B have their own intrinsic set points (K eq ) and individual control [8, 20] , and that the FMN-to-haem electron transfer step is fast once a productive docking conformation is achieved [23] , which implies that the conformational kinetic parameters may be rate-limiting for the entire process.
The reductase activities of nNOSred and eNOSred are, with the exception of novel reductase-1 [11] , repressed when compared with the other family members, but CaM binding to the NOS enzymes relieves this repression. The CaM effect is associated with its shifting equilibrium A toward the FMN-deshielded state in nNOSred and eNOSred [7, 8, 19, 20, 24, 25] . This forms the basis for the hypothesis that electron flux is regulated by conformational parameters, namely the setpoint and transition rates of conformational equilibrium A [24, 26] . In CaM-free NOS, the FMN-shielded conformation is relatively stable and a crystal structure of nNOSred in this putative conformation is available [6] . We know that electron flux through NOSred is regulated by several unique structural elements that include an AI (autoinhibitory insert) sequence within the FMN domain [7, 27, 28] , a CT (C-terminal tail) [9, 25, 29, 30] , phosphorylation sites [31] [32] [33] , a loop within the connecting domain [34] , which may act in concert with other structural features that NOS shares with dual-flavin reductases, such as the FMN-FNR domain connecting hinge [35] , a conserved aromatic residue (Phe 1395 in nNOS) that stacks against the FAD isoalloxazine ring and governs the NADPH nicotinamide interaction [24, 36] , surface residues that form charge-pairing interactions between the FMN and FNR domains [37] [38] [39] , and NADP(H) binding [19, 25] . So far, the CT, AI, Phe 1395 and NADPH-binding interaction have all been shown to stabilize the FMN-shielded state of CaMfree nNOSred [7, 9, 19, 24] . In the present study we investigate the mechanism by which complementary charge-pairing interactions at the FMN-FNR domain interface influence electron flux through nNOS, specifically testing if they do so by impacting the conformational parameters of equilibrium A. In our previous study [38] , we surveyed six electronegative surface residues on the FMN domain that form charge-pairing interactions with the FNR domain, and identified three that have the greatest capacity to slow electron flux through nNOSred (Glu 762 , Glu 816 and Glu 819 ) ( Figure 2 ). The present study shows that charge neutralization or reversal at each of these sites alters both the setpoint and transition rates of equilibrium A, and that these changes can fully explain the increased electron flux seen in the mutants. Thus we provide the first experimental evidence that interdomain chargepairing interactions influence electron flux primarily by tuning the conformational parameters of the FMN domain during catalysis.
EXPERIMENTAL

General methods and materials
All reagents and materials were obtained from Sigma, Amersham Biosciences or other sources as reported previously [7, 20, 24, 37] . Absorption spectra and steady-state kinetic data were obtained using a Shimadzu UV-2401PC spectrophotometer. Single wavelength stopped-flow kinetic experiments were performed using a Hi-Tech Scientific SF-61 instrument equipped with anaerobic setup and photomultiplier detection. Data from multiple identical stopped-flow experiments were averaged to improve the signal-to-noise ratio. The spectral traces were fitted according to single or multiple exponential equations using software provided by the instrument manufacturer. The best fit was determined when adding further exponentials did not improve the fit as judged from the residuals. All plots and additional curve fitting were done using Origin 8.0 (OriginLab). All experiments were repeated two or more times with at least two independently prepared batches of proteins to ensure consistent reproducibility of the results. The results were analysed and are expressed as means + − S.D. For all experiments and protein purifications, the buffer used contained 40 mM EPPS [4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid] (pH 7.6), 10 % (v/v) glycerol and 150 mM NaCl, unless noted otherwise. Anaerobic samples were prepared in an air-tight cuvette using repeated cycles of vacuum followed by a positive pressure of catalyst-deoxygenated nitrogen gas. All nNOSred proteins samples were fully oxidized by adding potassium ferricyanide, and the excess potassium ferricyanide was removed by passing through a Sephadex G-25 column (PD-10, GE Healthcare).
Generation of nNOSred mutants
The bacterial expression vector pCWori contained cDNA that coded for rat nNOSred with its adjacent N-terminal CaM-binding motif (Met 695 -Ser 1429 ) as described previously [24] . Oligonucleotides for site-directed mutagenesis were obtained from Integrated DNA Technologies and are listed in Supplementary Table S1 (at http://www.biochemj.org/bj/450/bj4500607add.htm). Sitedirected mutagenesis was performed using the QuikChange ® XL mutagenesis kit (Agilent Technologies-Stratagene). Mutations were confirmed by DNA sequencing at the Cleveland Clinic Genomics Core Facility. Mutated plasmids were transformed into E. coli BL21(DE3) cells transformed with a pACYC plasmid containing human CaM to co-express CaM with the protein.
Expression and purification of WT (wild-type) and mutant nNOSred proteins
WT and mutant enzyme expression was induced at room temperature (25 • C) over 1 or 2 days in E. coli BL21(DE3) that harboured the pACYC-CaM plasmid as described previously [24] . The nNOSred proteins were purified by sequential chromatography on a 2 ,5 -ADP-Sepharose affinity column and CaM-Sepharose resin as reported previously [24] . The purity of each protein was assessed by SDS/PAGE and spectral analysis. For the nNOSred proteins, the concentration was determined by using a molar absorption coefficient of 22 900 M − 1 ·cm − 1 at 457 nm for the fully oxidized form [40] .
Steady-state cytochrome c reduction assays
The cytochrome c reductase activity was determined at 25
• C and 10
• C by monitoring the absorbance increase at 550 nm and using an molar absorption coefficient ε 550 = 21 mM − 1 ·cm − 1 as described previously [7, 24, 25, 41] .
Oxidation of reduced nNOSred proteins
A solution of fully oxidized nNOSred protein (6-8 μM) containing either EDTA (1 mM) or CaCl 2 (2 mM) plus CaM (30-40 μM) in air-saturated buffer was reduced by adding NADPH (120-160 μM) and then allowed to auto-oxidize at room temperature in an open cuvette [24, 25] . The process was monitored at 457 nm, and visible spectra at the indicated time points (see the Results section) were recorded in similar experiments.
Anaerobic stopped-flow flavin reduction kinetics in nNOSred proteins
The absorbance changes associated with nNOSred flavin reduction by NADPH were recorded by rapidly mixing a solution of oxidized nNOSred (8-10 μM) containing either EDTA (1 mM) or CaCl 2 (2 mM) plus CaM (80-100 μM) with a solution of approximately 100 μM NADPH at 10
• C in the stopped-flow instrument. The maximum absorbance value for a given protein sample at 457 nm during single wavelength experiments was obtained by replacing the NADPH solution in one of the stoppedflow syringes with buffer only and recording additional mixing events. The individual rate constants associated with absorbance changes at 457 nm were first estimated by analysis of experiments of various lengths. The final reported values were obtained by fitting an experiment on a timescale capturing all three rate constants to a triple exponential function, such that the residuals were minimized and contained little or no systematic deviation between the fit curve and the actual data. Percentage absorbance changes were calculated on the basis of the absorbance change in the instrument dead time and the relative proportions of the A values for each kinetic phase obtained from the fitting program [7, 24] .
Reaction of fully reduced nNOSred proteins with excess cytochrome c
The rate of reduction of excess cytochrome c by fully reduced nNOSred proteins was measured in the stopped-flow instrument under anaerobic conditions at 10
• C as described previously [20] . The nNOSred (10-15 μM) protein in 40 mM EPPS buffer (pH 7.6) with 10 % (v/v) glycerol and 150 mM NaCl containing EDTA (2 mM) was fully reduced by titrating it with anaerobic sodium dithionite solution. A solution of fully reduced nNOSred proteins containing NADPH (200 μM) was mixed with cytochrome c (100 μM) while monitoring the absorbance changes at 550 nm. We have also measured the rate of cytochrome c reduction by photo-reduced nNOSred proteins under various conditions in the stopped-flow apparatus. Briefly, each nNOSred protein (10-15 μM), 5-deazariboflavin (∼1 μM) and EDTA (1 mM) was completely photo-reduced in an anaerobic cuvette using a commercial slide projector bulb until no changes in the UV-visible spectrum of the sample were observed upon further irradiation of the sample. The fully reduced protein sample was rapidly mixed in the stopped-flow instrument with a solution of cytochrome c (∼100 μM) at 10
• C. The absorbance change at 550 nm was recorded. In a second set of experiments, 1 mM NADPH was added to the photo-reduced protein sample, and the mixture was incubated at 10
• C for 15 min and scanned to confirm the protein remained fully reduced prior to mixing. Multiple absorbance traces were averaged and fitted to a single or double exponential function. Initially, a solution of cytochrome c and NADPH was mixed with anaerobic buffer to obtain the initial absorbance reading at zero time in both dithionite-reduced and photoreduced enzymes. A linear regression analysis of late points in the traces and/or numeric derivatives of the traces were run to determine the deflection points separating the early burst of fast-reacting and late slow-reacting phases (see the Results section). 
Simulation of the kinetic traces of fully reduced nNOSred proteins with excess cytochrome c
We used the computer program Gepasi v.3.30 [42] to simulate the experimental electron flux to cytochrome c using the kinetic model as outlined in Figure 3 . Details of this type of simulation have been reported recently [43] . Briefly, cytochrome c was set to be in 100-fold molar excess relative to the various flavoproteins and each simulation was started with 100 % of the enzyme in the fully reduced state. Input rates (k 1 , k − 1 , k 3 and k − 3 ) that satisfy the observed conformational equilibrium constant are first used, and then refined in an iterative process using the time of first turnover and overall best fit of the kinetic trace as criteria to extract the best rates for FMN conformational motion and interflavin electron transfer.
RESULTS
Cytochrome c reductase activity in the absence and presence of bound CaM
The cytochrome c reductase activity of nNOSred is repressed in the native state and the repression is relieved upon CaM binding [44] . We examined how the FMN domain surface mutations would impact nNOSred reductase activities in the CaMfree or CaM-bound states (Figure 4A and Supplementary Table  S2 at http://www.biochemj.org/bj/450/bj4500607add.htm). All assays contained SOD (superoxide dismutase) to insure we only detected reductase activity that involved a direct electron transfer from nNOSred to cytochrome c [18, 19] . The CaM-free E762N, E762R, E816R, E819R and triple mutant (E762R/E816R/E819R) displayed activities at 25
• C that were ∼9.9-fold, ∼8.7-fold, 5.1-fold, 4-fold and 8.9-fold greater than CaM-free WT nNOSred respectively. Similar results were obtained when we ran the assays at 10
• C ( Figure 4B ). CaM enhanced the nNOSred reductase activity approximately 9-fold, but caused smaller increases in E816R and E819R or had a negligible effect in E762N, E762R and triple mutant, consistent with their higher CaM-free reductase activities. These results suggest that the charge pairings normally help repress electron flux through the CaM-free protein, but have little impact on electron flux once CaM is bound.
Flavin auto-oxidation
We next determined whether the mutations altered the flavin auto-oxidation rate or the air stability of the FMNsq (FMN semiquinone). We mixed each fully oxidized protein with a 20-fold molar excess of NADPH in air-saturated buffer and followed changes in the flavin reduction status at 457 nm against time, and also collected visible spectra prior to NADPH addition, during steady-state NADPH oxidation, and after all the NADPH had been oxidized ( Figure 5 and Supplementary Figure  S1 at http://www.biochemj.org/bj/450/bj4500607add.htm). After NADPH addition, all proteins achieved a similar level of flavin reduction in the steady state and all showed a prominent flavin semiquinone absorbance at 600 nm. However, the E819R, E762R, triple mutant, E762N and E816R nNOSred mutants consumed NADPH at rates approximately 1.1-, 1.6-, 1.7-, 1.9-and 2.0-fold higher than WT nNOSred respectively. All mutants except E819R also exhibited 2-3.5-fold higher rates of flavin reoxidation after the NADPH was depleted (Figures 5A and 5B, and Supplementary Figure S1 ). An inspection of the final absorbance traces and the final absorbance values at 457 nm indicate that all the proteins except for the E762R and the triple mutant were left with an air-stable FMNsq as occurs in WT nNOSred [24, 45] . This is consistent with our observation that these mutants purify as fully oxidized proteins (bright yellow with an absence of FMNsq absorbance). Thus most of the mutations increased flavin autooxidation rates and, in some cases, diminished the air stability of the FMNsq radical.
Kinetics of flavin reduction in fully oxidized nNOSred enzymes
We next examined the flavin reduction kinetics in the mutant proteins. The reactions mixed the fully oxidized nNOSred proteins with excess NADPH at 10
• C under anaerobic conditions in a single-wavelength stopped-flow spectrophotometer, and flavin reduction was followed at 457 nm. All traces fitted well to a triple exponential equation [7, 46] . The results are listed in Table 1 , and fits are shown in Supplementary Figure S2 †Values are the calculated rates with% of the total absorbance change attributed to that phase in parenthesis.
(at http://www.biochemj.org/bj/450/bj4500607add.htm). A significant proportion (15-25 %) of the total absorbance decrease at 457 nm occurred in the mixing dead time in all cases, consistent with previous reports [7, 24, 25] . At 457 nm, the initial phase is considered to reflect the hydride transfer from NADPH to FAD, followed by slower phases that reflect interflavin electron transfer, NADP + dissociation, and further reduction by a second NADPH [22] . All the mutants displayed higher flavin reduction kinetics in their CaM-free state relative to WT nNOSred. The magnitudes of their rate increases generally correlated with the degree to which their cytochrome c reductase activities had increased (Figure 4) . The flavin reduction kinetics in CaM-free E762N, E762R, E816R and the triple mutant were increased enough (Table 1 ) to approach the rates observed for CaM-bound WT nNOSred, whereas the CaM-free E819R mutant had an intermediate behaviour that was closer to WT. Thus most mutants lost most or all of the kinetic repression on flavin reduction that is normally present in CaM-free nNOSred [24, 45] .
Conformational equilibrium of nNOSred
In nNOSred the FMN domain shifts between shielded and deshielded conformational states [25, 26, 36, 40] and only the deshielded state is capable of transferring electrons to cytochrome c. This makes the cytochrome c reductase activity of nNOSred sensitive to the degree of FMN shielding and to the associated transition rates between the open and closed conformational states [8, 9, 20, 24, 26] . One way to study the conformational equilibrium is by a stopped-flow spectroscopic method that monitors the reaction of fully reduced enzyme with a large molar excess of cytochrome c. Under this circumstance, the kinetics of the absorbance change that occurs during reduction of the first few molar equivalents of cytochrome c can provide the K eq (A) setpoint for the conformational equilibrium, and through computer modelling of the absorbance trace using the kinetic model in Figure 3 , in most cases can provide rate estimates for the conformational transitions between the FMN-shielded and -deshielded forms [20, 43] .
We rapidly mixed the NADPH-bound forms of each fully reduced (dithionite) nNOSred protein with a 10-fold excess of cytochrome c in the stopped-flow spectrometer at 10
• C, and monitored the first few turnovers of cytochrome c reduction at 550 nm. Representative kinetic traces obtained for WT nNOSred and each mutant protein are shown in Figure 6 . The starting absorbance values at zero time were determined in each case by mixing enzyme-free buffer with cytochrome c under otherwise identical conditions. Upon mixing each reduced enzyme with excess cytochrome c, there was a rapid absorbance increase that took place in the mixing dead time followed by a slower observable absorbance increase. In the case of the WT nNOSred, approximately 50 % of the total absorbance change that is ascribed to reduction of the first equivalent of cytochrome c (the portion of the trace confined within the dashed boxes in each panel of Figure 6 ) occurred within the mixing dead time, and the remaining 50 % occurred during the subsequent observable period ( Figure 6A ). This indicates that equivalent amounts of FMN-shielded and -deshielded enzyme conformers were present at the time of mixing, giving an estimated K eq (A) value of 1 for the conformational equilibrium of CaM-free fully reduced NADPH-bound WT nNOSred, consistent with our previous estimate [20] . In comparison, the mutants had either similar or somewhat larger portions of their first turnovers completed within the mixing dead time (Figures 6B-6F ), indicating that they have somewhat higher K eq (A) values for their conformational equilibrium compared with WT, and thus slightly favour the FMN-deshielded conformer. The calculated K eq (A) values of the NADPH-bound enzymes are listed in Table 2 . The rates of cytochrome c reduction subsequent to transfer of the first electron equivalent (i.e. slope of line after the dashed box) were all considerably higher in the mutants than in WT nNOSred, consistent with the mutants with higher steady-state reductase activities. Thus the results indicate that the conformational equilibrium setpoints of the fully reduced NADPH-bound mutants are slightly altered to favour the FMN-deshielded state, according to the following rank order of highest to lowest K eq (A): triple mutant>E819R>E762R>E762N>E816R>WT (Table 2) . 
Effect of bound NADPH on conformational behaviours
This stopped-flow approach can be utilized to determine how bound NADPH impacts the conformational equilibrium, and whether the mutations alter this aspect. Bound NADPH has been reported to stabilize the FMN-shielded or closed conformation of nNOSred [9, 19, 25] . In the present study we investigated this by comparing the behaviour of the enzymes after they had been fully photoreduced with either the addition of NADPH, or not.
The kinetic traces in Figures 7(A) and 7(B)
show that the fully photoreduced WT nNOSred exists in an approximate 50:50 mix of open and closed conformers in both its NADPH-free and -bound states. This indicates that bound NADPH has little or no influence on the K eq (A) setpoint of the fully reduced WT nNOSred, which differs from previous studies. However, these same two traces show that bound NADPH did greatly slow the transfer of the remainder of the first electron equivalent to cytochrome c (compare the slopes of the traces within the dashed boxes) and also slowed subsequent transfer of the second electron equivalent out of nNOSred. In comparison, traces recorded for three of the mutants in their NADPH-free states ( Figures 7C, 7E and 7G) show that the first electron equivalent is almost entirely transferred to cytochrome c in the mixing dead time for all three mutants. This suggests that these mutants primarily exist in an open conformation in their NADPH-free forms, and in this way differ from NADPH-free WT nNOSred in having a higher K eq (A) setpoint under this circumstance. These traces also show that subsequent electron transfer out of each mutant is faster than for WT nNOSred under the NADPH-free condition. Despite these differences, bound NADPH still significantly slowed electron flux out of the three fully reduced nNOSred mutants in a manner similar to that seen for WT nNOSred. In addition, bound NADPH appeared to shift the conformational distributions of the mutants towards a greater population of closed conformers ( Figures 7D,  7F and 7H).
Kinetic modelling study
To understand more fully how the charge-pairing residues impact the conformational equilibrium parameters, we computer simulated the experimental kinetic traces for each NADPH-bound enzyme in Figure 6 , according to a four-state kinetic model that links the rates of nNOSred conformational motions and interflavin electron transfer to the electron flux to cytochrome c [43] (Figure 3 ). We incorporated our estimated K eq (A) setpoint measures and then used an iterative method to find allowable rate values for interflavin electron transfer and FMN domain conformational transitions that ultimately give a best fit of the experimental kinetic traces and of the times required to complete transfer of the first electron equivalent as indicated in Figure 6 . We have used this approach previously to derive estimates of the conformational and interflavin electron transfer rate parameters for WT nNOSred and eNOSred [43] . In the present study, we were able to closely fit the experimental traces for WT nNOSred and all of the mutants except for the triple mutant (Supplementary Figure S3 at http://www.biochemj.org/bj/450/bj4500607add.htm). Table 2 reports the best-fit rates that we derived for the interflavin electron transfer and the FMN domain conformational motions. The rates derived for WT nNOSred are close to those reported in the original study [43] . In comparison, the simulations of the mutant kinetic traces indicate that they all must have higher interflavin electron transfer rates and higher rates of FMN domain conformational transitions relative to WT, in order to support their observed rates of electron flux to cytochrome c.
DISCUSSION
Interdomain charge-pairing interactions are among several structural features thought to govern electron flux through NOS enzymes [8, 47] . In the present study, we investigated three residues that form charge-pairing interactions at the NADPH/FAD-FMN domain interface (Glu 762 , Glu 816 and Glu 819 ) that were previously shown to help govern electron flux through the CaM-free nNOS [38] , asking whether they do so by controlling the conformational behaviour of nNOSred. We found that reversing or eliminating the negative charge at each of these residues did alter nNOSred conformational behaviours in a manner that was consistent with, and sufficient to explain, the observed changes in electron flux through the enzyme to cytochrome c. Thus we conclude that the charge-pairing interactions of Glu 762 , Glu 816 and Glu 819 , as observed in the crystal structure [6, 38] , each help to retard electron flux through CaMfree nNOSred by influencing the conformational K eq (A) setpoint and its associated conformational kinetic parameters.
Our modelling study indicated that eliminating the interdomain charge pairings altered both the K eq (A) setpoint and the associated rates of conformational switching between the open and closed states of nNOSred. In all cases, but to varying degrees, there was a shift in the K eq (A) setpoint to favour the open or FMN-deshielded form of nNOSred, which was accompanied by significantly higher rates of conformational switching (i.e. k 1 and k − 1 ). Because the mutant K eq (A) setpoints all rose above 1, which is predicted to be the optimal setting for electron flux through nNOSred [43] , there had to be accompanying rate increases in the conformational opening steps (k − 1 and k − 3 ) and the conformational closing steps (k 1 and k 3 ) in order to satisfy the observed faster cytochrome c reductase activities of the mutants. Evidence leading to these conclusions is discussed below. 
Impact on the K eq (A) setpoint of nNOSred
Results from the experiments where the fully reduced NADPHbound forms of nNOSred proteins were mixed with a large molar excess of cytochrome c (traces in Figure 6 ; Table 2) [20, 21] . This relatively mild impact on the conformational equilibrium setpoint is consistent with the single charges at Glu 762 , Glu 816 and Glu 819 all co-operating to stabilize the closed form of nNOSred, and with CaM causing a more extensive destabilization of the closed conformation by distinct mechanisms that override the interdomain charge-pairing stabilization. Interestingly, a given mutation's capacity to increase the K eq (A) setpoint was not always well correlated with its capacity to increase electron flux through the CaM-free protein to cytochrome c (i.e. increase the reductase activity, see Figure 4 ), suggesting that other effects besides simply shifting the K eq (A) setpoint are important, as discussed below.
Simulations imply an increase in conformational transition rates
Previous computer simulations of our kinetic model in Figure 3 indicated that an optimal electron flux through nNOSred to cytochrome c should occur at or near a K eq (A) setting of 1 [8, 43] . Given that the Glu 762 , Glu 816 and Glu 819 mutants all have values of K eq (A)>1, this stipulates that their conformational transition rates (k 1 , k 3 , k − 1 and k -3 ) would have to increase in order for the mutants to be capable of supporting greater electron flux to cytochrome c relative to WT nNOSred. Indeed, our best fits of the experimental traces for cytochrome c reduction by the mutant proteins indicated that the mutants should all have significantly higher conformational transition rates (1.5-4-fold) and corresponding higher rates of interflavin electron transfer (1.5-2-fold) relative to WT to support their observed faster electron flux to cytochrome c. These predicted increases in the conformational transition rates are remarkable, considering that they result from reversing or neutralizing single surface charges that participate in interdomain charge pairing across a domain interface. Thus we conclude that the interdomain charge-pairing interactions of Glu 762 , Glu 816 and Glu 819 have a combined function: they lower the K eq (A) setpoint of CaM-free nNOSred, and also retard the associated conformational transition rates between its open and closed forms, thereby restricting electron flux through the enzyme.
NADP(H)-induced conformational effects remain intact
The results of the present study indicate that NADPH binding to the fully reduced WT nNOSred causes little or no shift in its conformational equilibrium setpoint toward the closed form. This conclusion differs markedly from what we and other groups have reported previously, namely that NADPH has a strong effect in stabilizing the closed conformation [7, 19, 24, 25] . However, these preivous studies used a different experimental approach in which cytochrome c was rapidly mixed with a 5-10-fold molar excess of reduced NOSred enzyme. Because the cytochrome c concentration is rate limiting in this circumstance, the reaction of the open nNOSred conformer does not finish in the mixing dead time as it does for the reactions depicted in Figures 6 and 7 , but instead evolves over the first 50-100 ms. If the open and closed nNOSred species could not interconvert, or could only interconvert slowly relative to this timeframe, then this method could report on the K eq (A) setpoint and the effect of bound NADPH, because under these circumstances the measured exponential rates would be directly proportional to the concentration of open nNOSred that is present at the time of mixing. This has, in fact, been the historical assumption. However, our previous studies [20, 43] clearly show that these kinetic conditions do not exist for nNOSred. Specifically, the 50-100 ms timeframes provide ample time for nNOSred to interconvert between its conformers (i.e. an opening of the closed reduced form, and the closing of the reacted open form), and even allow some time for interflavin electron transfer to regenerate some FMNhq (FMN hydroquinone) from FMNsq. This means that kinetic traces collected under this former experimental condition actually represent a blend of rates that reflect the amount of open reactive nNOSred that is present at the time of mixing, plus an evolving and complex combination of rates for other processes that generate more of the open reactive form of nNOSred during the timeframe of measurement. This complexity means that the former experimental method cannot determine how bound NADPH may impact the K eq (A) setpoint of nNOSred, and also means that the previous conclusions regarding a strong NADPH effect on K eq A setpoint need to be reconsidered. In the present study, NADPH had little effect on K eq (A) in WT nNOSred, and only appeared to stabilize the closed conformation to a modest extent in the three mutant enzymes that we examined.
On the other hand, we found that bound NADPH exerted a strong repressive effect on electron flux out of the fully reduced WT nNOSred and the mutant enzymes. Bound NADPH greatly repressed the rates of the first and subsequent electron transfer events out of the enzyme in all cases (see Figure 7 ). This suggests that bound NADPH predominantly exerts a kinetic effect. On the basis of our findings, we speculate that bound NADPH must retard the switching rates between the open and closed nNOSred conformers [without altering the K eq (A) setpoint much], and/or retard the rate of interflavin electron transfer. This shifts the current paradigm regarding how NADPH is thought to influence nNOSred conformational aspects related to electron flux, away from a predominant effect on K eq (A) setpoint and towards an effect on the conformational switching kinetics. These possibilities should now be explored. For the present study, we can conclude that the interdomain charge-pairing interactions of Glu 762 , Glu 816 and Glu 819 do not significantly influence the conformational response of nNOSred to bound NADPH. This makes sense, given their remote location from the nNOSred structural features that sense bound NADPH [24, 25] and help transduce its effects [9] .
Faster electron import and flavin reduction
The CaM-free mutants all had higher rates of NADPH-dependent flavin reduction compared with WT nNOSred (Table 1) . This implies that, much like CaM, the mutations eased the kinetic repression on electron import that is normally present in CaMfree nNOS [22, 45] . Rate increases in the mutants were clearly evident in the first and second phases of flavin reduction, which would encompass the first hydride transfer from NADPH to FAD and the interflavin (FADH 2 to FMN) electron transfer steps [7, 19, 24, 40, 44] , and also include a portion of subsequent steps, including NADP + dissociation, binding of a second molecule of NADPH, a second hydride transfer to FAD and additional interflavin electron transfers. It is interesting to consider how the charge-pairing interactions of these residues, which are located in the FMN domain, might 'remotely' retard electron import from NADPH into nNOSred. Adak et al. [41] first showed that the kinetic inhibition on electron import into CaM-free nNOS requires an intact FMN domain, and this was subsequently confirmed in studies with nNOS constructs with deleted FMN domains [44, 48, 49] . One possible explanation that is most consistent with the results from the present study comes from work by Welland and Daff [50] , who proposed that the hydride transfer from NADPH to FAD requires that nNOSred be in its open conformation. They suggested that the first (fastest) phase of flavin reduction involves the portion of enzyme molecules that are already in the open conformation, whereas the second phase of flavin reduction involved the remaining enzyme molecules that are in the closed conformation and reflected the rate by which they transition to the open state. Thus their model has the open state supporting two distinct steps; namely, facilitating hydride transfer from NADPH to FAD on one hand, and enhancing electron transfer out of the reduced nNOSred to cytochrome c on the other hand [8, 47] . Accordingly, these concepts suggest that the higher flavin reduction rates we observed in our mutants reflect their higher K eq (A) setpoints, and perhaps more importantly reflect their higher rates of conformational switching between the closed and open states. A higher rate of conformational switching would also facilitate the interflavin electron transfer between FAD and FMN, and thus further explain why the mutants have higher second phase rates of flavin reduction. Although consistent with the results of the present study, definitive testing of these concepts will require a more direct measure of the conformational switching rates, which is probably achievable only at the single molecule level. In any case, the results of the present study highlight how interdomain charge-pairing interactions can regulate both electron import and export in nNOSred.
Increased O 2 reactivity of the flavins
Some of the single mutants, and particularly the triple mutant, showed increased reactivity with O 2 that in some cases was associated with a kinetic destabilization of the FMNsq. This may reflect an increased access of dioxygen and/or disruption of protective mechanisms that NOS and other dual-flavin enzymes use to shield their reduced flavins from auto-oxidation. Such changes diminish the fidelity of electron transfer through the mutant reductase domains to cytochrome c or to the NOS haem domain, and result in greater production of reduced oxygen species.
Summary and concluding remarks
Our findings from the present study support a model where electron flux through nNOSred is governed primarily by protein conformational aspects. They suggest that three electronegative residues on the FMN domain of nNOSred (Glu 762 , Glu 816 and Glu 819 ) that participate in charge-pairing interactions at the NADPH/FAD and FMN domain interface [38] help to stabilize fully reduced nNOSred in a closed or FMN-shielded conformational state, and also help to retard the switching rates between the open and closed conformations. Their combined influence helps to repress NADPH-dependent electron flux through nNOSred when it is in the CaM-free state. CaM binding largely overrides the influence of the charge-pairing interactions and allows faster electron flux through nNOSred.
Given that rates of electron loading and electron flux are improved in the mutant nNOSred proteins, one might question why the interdomain charge-pairing interactions involving Glu 762 , Glu 816 and Glu 819 were maintained in nNOS during evolution. One obvious reason is they seem to retard flavin auto-oxidation reactions, and so help to minimize production of reactive oxygen species during catalysis. Moreover the electronegative residues might play an additional role in the full-length nNOS to help the FMN domain achieve a productive electrostatic interaction with the NOSoxy domain for electron transfer to the haem, as indicated by structural analysis and computer docking studies [39] . In this way, the charge-pairing interactions may allow a sufficient and coupled electron flux while still enabling the FMN domain to interact with both its electron-donating and electron-accepting partner domains during catalysis.
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